In this paper, an experimental study of measuring the dynamic meniscus force and the contact force when hemispherical glass sliders bounce on stationary magnetic disks is presented. We prepared hemispherical glass sliders with radii of 1.0 and 2.0 mm supported by slender cantilever beams and magnetic disks with 0-, 1-, 2-, and 3-nm-thick lubricant layers with and without ultraviolet (UV) irradiation. In the case of a 1-mm-radius slider with a surface roughness of 1.7 nm in Ra, we found that an adhesion force can be clearly observed at the instant of separation under any lubricant condition except the one case of 1-nm-thick lubricant with UV. Typical data of displacement, velocity and acceleration of bouncing motion prove that the adhesion force originates from meniscus force rather than from van der Waals force. We also found that the maximum dynamic adhesion force is close to the static meniscus force. However, in the case of 3-nm-thick lubricant without UV, the dynamic adhesion force increases significantly, probably because of the effect of a squeeze film acting as a viscous fluid. In contrast, the smooth 2-mm-radius slider does not show a clear adhesion force at an impact velocity higher larger than 1.5 mm/s. We also found that the maximum contact force versus penetration depth can be estimated well using the Hertz contact theory for the contact between a smooth sphere and a flat.
Introduction
A recording density of about 150 Gb/in 2 is currently achieved by a flying head slider with a flying height of about 10 nm in commercially available hard disk drives. In order to double the recording density, it is essential to decrease the flying height to about 5 nm over a very smooth disk. However, at such a low flying height over a smooth disk surface, the head slider tends to exhibit severe bouncing vibrations (1) - (4) , and shows touch-down and take-off (TD/TO) hysteresis in the decreasing and increasing processes of the nominal flying height (5) , (6) . Understanding the instability phenomenon and stabilizing design will be the most important problem in current head-to-disk interface technology. Ono et al. (6) , and Ono and Yamane. (7) attributed the TD/TO hysteresis and the bouncing vibration to adhesion force due to meniscus formation of a lubricant and theoretically explained that the bouncing vibration is the dynamic instability of a slider-air bearing system, in which both the adhesion and friction forces play important roles in system destabilization. On the basis of this theory, we found the unstable bouncing vibration of a slider to be very similar to the experimental one in terms of both the unstable frequency and TD/TO hysteresis. However, some researchers have attributed the instability to van der Waals force (8) - (10) . In order to prove the existence of a dynamic meniscus force, Ono and Oohara (11) conducted an experimental study of measuring the bouncing motion of a smooth spherical slider of 1 mm radius on stationary magnetic disks. They showed clear evidence of an attractive force due to a meniscus bridge at the moment of separation when the slider with a surface roughness of 0.98 nm in Ra collided with the disk. The dynamic attractive force was roughly equal to the static pull-off force of the meniscus. The duration of collision was about 20 µs.
Meanwhile, the relationship between the slider instability and lubricant has been revealed by some researchers. Li et al. (12) showed that strong meniscus forces and the corresponding excessive stiction between heads and disks could be the reason why flying is unstable at a flying height higher than intermittent contact region. Mate et al. (13) found that the disk lubricant thickness under both the edges of the light contact region increased by 0.3∼0.5 Ångstrom. They attributed this increase to the capillary pressure of the lubricant meniscus. In addition, it is commonly known that in the HDI reliability test, the slider instability can be suppressed by reducing the mobile lubricant thickness, although an excessive decrease results in an increase in slider wear.
Since there are still many researchers who deny the formation of a meniscus during the short contact time of bouncing vibration, we conducted an extended experimental study of measuring a more detailed bouncing motion of spherical sliders on stationary magnetic disks, and calculated the elastic contact force and dynamic meniscus force more accurately, compared with the previous study (11) . We identified the beginning of collision on the disk surface by curve fitting of the simulated motion to the measured motion in the approach and penetration processes of the slider and examined the moment of the maximum adhesion force in relation to the initial disk surface height. In order to prove that the attractive force is related to the formation of a meniscus, the effect of the slider radius and bonded ratio of the lubricant on the generation of the attractive force were also examined by preparing hemispherical glass sliders of 1 and 2 mm radii and magnetic disks with 1-, 2-, and 3-nm-thick lubricant layers with and without ultraviolet (UV) irradiation. Figure 1 shows the outline of the experimental setup, Fig. 1 Outline of experimental setup for measurement of collision motion of a hemispherical slider which is the same as that used in our previous study (11) . In this study, we prepared two kinds of hemispherical glass sliders with radii of 1 and 2 mm. The use of a hemispherical slider contributes to an increase in the signal-to-noise ratio of the measured velocity because of a decrease in slider mass. The material of the slider is composite quartz (BK7) with Young's modulus of 80 GPa and Poisson's ratio of 0.205. The glass slider was attached to the tip of a small cantilever beam (about 8 mm in length, 0.8 mm in width and 0.04 mm in thickness) that was fixed on a thick plate. The other end of the plate was bonded to one end of the piezoactuator. The other end of the piezoactuator was connected to the arm fixed to the fine-positioning XYZ stage. Viscoelastic sheets were attached on both sides of the beam in order to suppress beam vibration. To prevent disk vibration upon impact of the slider, the magnetic disk was fixed on a thick optical flat with a thin film of silicone grease. The surface of the hemispherical glass slider was fabricated to be as smooth as possible. The mass and surface roughness of the hemispherical sliders of 1 and 2 mm radii, respectively termed the R1 slider and the R2 slider, are shown in Table 1 . Note that the surface roughness of the R1 slider is 1.71 nm in Ra in a 1.0 µm×1.0 µm scan size which is about twice rougher than that of the glass slider used in the previous study. In contrast, the surface roughness of the R2 slider is 0.34 nm in Ra which is slightly smoother than the magnetic disk tested.
Experimental Setup and Method
We prepared seven 3-inch magnetic disks which have 0-, 1-, 2-and 3-nm-thick lubricant layers with and without UV irradiation. The lubricant used was PFPE with piperonyl end groups, whose molecular weight is about 4 000 and bulk viscosity is 85 cst. The measured total thickness and mobile lubricant thickness of the lubricant layers with the target lubricant thickness are shown in Table 2 . RMS value of the variation of the measured total and mobile lubricant thicknesses is less than 4%. The surface Table 1 Surface roughness of the hemispherical glass slider (scan size = 1 µm × 1 µm) Table 2 Total lubricant thickness and mobile lubricant thickness for the cases with and without UV irradiation [Å] roughness of the magnetic disk tested was 0.52 nm Ra in a 10 µm × 10 µm scan size. By using the piezoactuator, stepwise loading of the slider from a height of less than 10 µm with a velocity of less than 4 mm/s can be achieved with good repeatability. The velocity of the slider bouncing motion was measured using a digital laser Doppler vibrometer (LDV) (Polytec DFE650, OFV512) at the back of the slider. In order to improve the signal-to-noise ratio of the LDV output, a small mirror with sputtered gold was glued to the tip of the suspension beam. The resolution of LDV is specified as 2 pm in displacement and 2.5 µm/s in velocity in a narrow frequency bandwidth. However, the resolution of a measured velocity signal containing many frequency components decreases as the frequency bandwidth increases. By making a trade-off between a wide frequency bandwidth sufficient to measure the collision motion and a good signal-to-noise ratio, we first measured slider motion using a 200 kHz low-pass filter. However, we had to use a 100 kHz low-pass filter for the acceleration measurement of the R2 slider motion, as will be discussed later in detail. The acquired data were recorded onto a personal computer for data processing.
Static Meniscus Force
First we measured the static maximum adhesion force of a meniscus by pulling the slider off the disk surface. The static meniscus adhesion force (pull-off force) could be calculated as the product of beam deflection and stiffness. The stiffness of the beam was calculated from the lowest bending natural frequency of the slider and suspension system and the equivalent slider mass. The equivalent mass was calculated as the sum of the slider mass shown in Table 1 and 33/140 of the mass of the suspension beam. The equivalent mass of the suspension beam with thick viscoelastic damper sheets for the R1 slider was 1.24 mg, while that with thin viscoelastic damper sheets for the R2 slider was 0.61 mg. Thus the mass effect of the beam was The mean value and variation of the static adhesion force measured through 15 trials is shown in Fig. 2 . The dotted line is the calculated value of 4πRγ, where R is the radius of the slider and γ corresponds to the surface energy of the lubricant. Since an accurate value of γ was not known, we used γ = 22 mN/m to calculate the reference value of the adhesion force. From Fig. 2 , we note that the adhesion force is almost equal to the meniscus force not for asperity contact but for the radius of the spherical slider when the surface roughness of the slider is in the range of 0.34 nm to 1.71 nm Ra, and the total lubricant thickness is 1.1 nm to 3.2 nm. The adhesion force has a tendency to decrease slightly with a decrease in lubricant thickness and upon UV irradiation. This is probably because the formation of a full meniscus for the radius of a spherical slider becomes increasingly difficult as the thickness of the mobile lubricant layer decreases. Moreover, it should be noted that the static adhesion force of the R1 slider with an unlubricated disk is about 40% stronger than that with a lubricated disk, whereas that of the R2 slider with an unlubricated disk is about 30% weaker than that with a lubricated disk.
Measured Velocity of Collision Motion of Slider
When the slider and suspension are moved down onto a disk in steps of about 10 µm using the piezoactuator, the slider usually bounces on the disk more than once and the bouncing height decreases rapidly. Figure 3 shows the typical measured velocity of the bouncing motion of the R1 slider on the disk with 2-nm-thick lubricant layer with UV. The negative velocity indicates the downward slider motion towards the disk, while the positive velocity indicates upward slider motion away from the disk. In this figure, the slider begins to make contact with the disk at the minimum negative velocity and penetrates into the disk. The slider velocity crosses the zero velocity line at the maxi- mum penetration and then separates from the disk at the maximum positive velocity. Then the slider moves upward freely and reaches its highest point at zero velocity, and drops onto the disk again with the velocity decreasing gradually between the maximum to the minimum velocities. Figure 4 (a) -(f) depicts the typical collision velocity curves of the R1 slider for almost all lubricant conditions by expanding the time axis by about 200 times. The collision velocity curves for the disk with 2-nm-thick lubricant without UV is omitted because they are very similar to those for the disks with 2-nm-thick lubricant with UV and 3-nm-thick lubricant with UV. Note that all collision motions are adjusted such that the zero velocity points coincide with each other on the time axis. The duration of the collision between the slider and disk is about 15 µs in all cases.
From these figures, we note that the rapid velocity drops from the maximum velocity point are observed at the instant of separation in all cases except the one case of 1-nm-thick lubricant with UV. This velocity drop is caused by an attractive force exerted on the slider from Table 2 , that the attractive force at the end of collision is mainly dependent on the thickness of the mobile lubricant layer. When the mobile lubricant thickness is 0.43 nm, in almost all the cases we cannot observe a clear attractive force if the separating velocity is more than 1 mm/s, as seen in Fig. 4 (b) . However, when the mobile lubricant thickness increases to 0.69 nm, the attractive force is clearly apparent, as seen in Fig. 4 (c) .
Since the attractive force is close to the static meniscus force, as will be shown later, it can be concluded that the attractive force is caused by an adhesion force generated by a meniscus formation in terms of the bulk configuration, i.e., flooded regime (14) . From Fig. 4 (b) -(e) and Table 2 , we note that there is no particular difference in the attractive force when the mobile lubricant thickness is from 0.69 nm to 1.65 nm. The fact that the duration of attractive force decreases with increasing separation velocity indicates that the effective distance of attractive force is almost constant under these experimental conditions. The attractive force continues to act on the slider within a moving distance of 5-6 nm from the initial disk surface, as will be discussed later.
When the mobile lubricant thickness increased to 2.42 nm, the dynamic adhesion force increased markedly, as seen in Fig. 4 (f) . In this case, the slider bounced once at the highest approach velocity, but could not separate from the disk surface, as it was captured by the meniscus bridge. This strong adhesion force is presumably caused by the squeeze damping effect of a viscous fluid.
It is noteworthy that when the disk is not lubricated (Fig. 4 (a) ), a strong adhesion force acts on the slider at the instant of separation. It is clear that this adhesion force is stronger than those in cases of a mobile lubricant layer of 0.69 nm (Fig. 4 (c) ) to 1.65 nm (Fig. 4 (e) ). This relationship between dynamic adhesion force and lubrication condition is compatible with that of static adhesion force, as shown in Fig. 2 . It is not clear whether this adhesion force is caused by meniscus force or van der Waals force. However, because the R1 slider has a rough surface of 1.71 nm in Ra and 5.6 nm in Rp and this strong adhesion force is diminished when a thin lubricant layer is present, as seen in Fig. 4 (b) , we conclude that this adhesion force is most likely caused by the formation of a water meniscus although the physics should be investigated further. Figure 5 shows similar collision velocity curves for the R2 slider. Compared with the R1 slider curves in Fig. 4 , the signal-to-noise ratio of the R2 slider is much worse than that of the R1 slider. This is because the mass of the R2 slider is 8 times larger than that of the R1 slider, whereas the meniscus force of the R2 slider increases only twofold. Thus the signal-to-noise ratio of the R2 slider decreases to 1/4 compared with that of the R1 slider. The duration of collision is about 30 µs in all cases.
In the case of the R2 slider, we sometimes cannot observe any clear velocity drop at the instant of separation, particularly when the separation velocity is larger than 1.5 mm/s for the disks with 0-, 1-and 2-nm-thick lubricants. Therefore, the velocity curves of more than 1.5 mm/s at separation are not shown here. It is considered that the clear adhesion force with a long duration observed at low collision velocities in Fig. 5 (c) and (d) and at all collision velocities in Fig. 5 (e) and (f) is attributed to meniscus formation. However, it is probable that the small sharp velocity drop often observed at the beginning of collision in Fig. 5 (b) -(f) and the sharp velocity change at the end of collision sometimes observed at high collision velocity in Fig. (b) , (c) and (d) are caused by van der Waals force, because the surface roughness of the R2 slider is 0.34 nm in Ra. The origin of the distinct adhesion force observed at low collision velocity in the case without lubricant in Fig. 5 (a) is not clear, but it is most probably meniscus force due to adsorbed water. The sharp velocity change at the end of collision at a separation velocity greater than 1 mm/s may be attributed to van der Waals force. However, there is another possibility that the short-distance adhesion force is generated from small menisci forming at asperities in terms of the toe-dipping regime (14) . On the basis of Figs. 4 and 5, it can be said that the dynamic adhesion force between the slider and an unlubricated disk, caused presumably by adsorbed water or other contaminants, can be diminished by coating a thin lubricant layer onto the disk, as long as a meniscus does not form in the flooded regime. However, when the radius of curvature of the contacting surface is 1 mm, dynamic adhesion force is generated by meniscus formation at all tested collision velocities for a mobile lubricant thickness greater than 0.6 nm, even when the surface roughness is 1.71 nm in Ra. When the radius of curvature of the contacting surface is 2 mm, dynamic adhesion force can be generated at a low collision velocity. However, as the mobile lubricant thickness increases, the meniscus adhesion force can be generated at a higher collision velocity. It is natural that a perfect meniscus in the flooded regime forms less often as the contacting radius increases and collision velocity increases.
Displacement, Velocity and Acceleration of Collision Motion Calculated by Identifying Start of Collision through Curve Fitting
In order to calculate the displacement of slider motion, it is important to identify the initial height of the disk surface or the start of collision between the slider and the disk. In the previous study (11) , the initial height of the disk surface was determined assuming that the slider crosses the initial disk surface plane at the maximum velocity. However, the maximum velocity point means a zero net acting force, but not necessary zero penetration under meniscus adhesion force. Therefore, it will be better to determine the initial height of the disk surface at the beginning of collision. However, it is difficult to determine the beginning point of collision because the velocity of the slider changes slowly. Therefore, we determined the beginning of collision by adopting curve fitting between the simulated and experimental velocities in the range from a point before collision to the zero velocity point (maximum penetration).
The physical model of the slider and disk system used in the simulation is shown in Fig. 6 . Based on the simulation method described in the previous paper (11) , the slider is modeled as a single-degree-of-freedom system. The displacement of the slider and disk surface is denoted by z, whose origin is chosen to be at the original disk surface. The contact force is expressed by the sum of elastic force f (z) and damping force g(z,ż). The elastic contact force is assumed to be approximated by the Hertz contact theory for a smooth spherical slider with radius of R and is 
where the factor K D is given by
E is the equivalent Young's modulus of the mating materials and is given by
where E S , E D , ν S , and ν D are Young's moduli and Poisson's ratios for the slider and the disk, respectively. Damping force g(z,ż) can be assumed to be proportional to the slider velocity and contact area (15) and is expressed as
Then equation of motion of the slider is given by
.
The slider motion was simulated by solving Eq. (5) by the fourth-order Runge-Kutta Method. We determined the initial height of the slider Z 0 at the start of the simulation, K D and C D such that they minimize the root mean square error (E rms ) between the measured and calculated velocities:
where v exp and v cal are the experimental and calculated values of the slider velocity, respectively, and n is the number of data. The number of data is about 50 for the R1 slider and 150 for the R2 slider because the signal-to-noise ratio of the collision velocity of the R2 slider is worse than that of the R1 slider. Figure 7 shows an example of measured and calculated velocities when the R1 slider collides with the disk having a 2-nm-thick lubricant layer with UV. The identified values of the fitted parameters are also shown in Fig. 7 . By using the fitted slider motion, we can determine the beginning point of collision and the initial position of the disk surface (z = 0 nm). Then, integrating the measured velocity with respect to time, we can obtain the displacement of the slider. The acceleration of the slider motion can be calculated by differentiation of the slider velocity. Typical displacement, velocity and acceleration of collision motion of the R1 slider on the disk having a 2-nm-thick lubricant layer with UV treatment (0.98 nm mobile lubricant thickness) are shown in Fig. 8 . Dotted vertical lines (a), (b), (c), (d) and (e) indicate the points of the beginning of contact, maximum penetration, crossing of the initial disk surface height, maximum adhesion force and breakage of the meniscus bridge, respectively. From the displacement and velocity curves, we note that the maximum penetration depth is 7.34 nm and that the slider crosses the initial disk surface (z = 0) after the maximum velocity. This indicates that a small amount of adhesion force is acting on the slider when it crosses the initial disk surface height (z = 0) during the separation process.
Note that the force acting on the slider is evaluated by multiplying the acceleration and the associated slider mass. In the calculation of the acting force, we used the slider mass shown in Table 1 . The calculated elastic reaction force at the maximum penetration is 1.44 mN in this case.
From the acceleration curve, we note that the adhesion force is effective for about 5 µs. The maximum adhesion force is calculated to be 0.31 mN although the acceleration signal contains some noise. Although it is difficult to accurately determine the end point at which adhesion force vanishes due to the breakage of the meniscus bridge, the most accurate end point would be determined from the end point of the velocity drop because the signal-to-noise ratio of the acceleration curve is low. The vertical dotted line (e) indicates the end point of collision. From the displacement at the end point, we note that the slider separates by 5.12 nm from the initial disk surface height. Since the adhesion force between the slider and the disk vanishes at this point, the breakage of the meniscus bridge occurs at 5.12 nm from the initial disk surface height. According to the Hertz contact equation (1), the net protrusion of the two contacting surfaces due to an adhesion force of 0.31 mN is estimated to be 2.23 nm. Therefore, the maximum length of the meniscus bridge is 2.89 nm. Since the displacement of the slider at the maximum adhesion point is about half of 5.12 nm, as seen from the dotted line (d) in Fig. 8 , the maximum adhesion force occurs nearly when the two protruding contacting surfaces separate from each other. From the above and other data, we estimate that the maximum meniscus bridge length is 2∼3 nm when the mobile lubricant thickness is 0.69 nm to 1.65 nm.
Since the signal-to-noise ratio of acceleration signals becomes much worse than the velocity signal, the calculation of adhesion force is almost impossible in the case of the R2 slider when a low-pass filter of 200 kH is used. The noise in the velocity signal is generated by the LDV. It was found that the amplitude of LDV noise increases gradually from 100 kHz. On the other hand, in order to measure a rapid velocity change of 10 µs order without distortion, the cutoff frequency of the filter should be selected as large as possible. Thus we examined the optimum filter in terms of both the resolution of the time response and the suppression of random instrument noise. Figures 9 and 10 respectively show the measured velocity and corresponding acceleration of the collision motion of the R2 slider on Fig. 9 Effect of the low-pass filter on velocity Fig. 10 Effect of the low-pass filter on acceleration the 3-nm-thick-lubricant disk when using two low-pass filters with 100 kHz and 200 kHz cutoff frequencies.
Note that the two waveforms in Figs. 9 and 10 were acquired from different trials with different filters. From these figures, we note that the noise in the acceleration signal decreases significantly and that the distortions of the velocity and the maximum and minimum accelerations appear almost negligible even when we used the 100 kHz low-pass filter. Accordingly, we measured the velocity of the R2 slider using the 100 kHz low-pass filter and calculated the acceleration and displacement. The maximum elastic contact force and the maximum adhesion force were respectively calculated by multiplying the acceleration at maximum penetration and the minimum acceleration by the slider mass shown in Table 1 .
Relationship between Elastic Contact Force and Maximum Penetration
We conducted 15 impact tests for every combination of two hemispherical sliders and seven disks. In each impact test there were one to six collisions. From these data we measured the maximum acceleration at the maximum penetration and the minimum acceleration due to adhesion force. From the maximum penetration and the corre- sponding maximum acceleration in Fig. 8 , we calculated the relationship between penetration and elastic contact force. Because this relationship is not related to lubricant thickness, representative data when the R1 slider collided with the 2-nm-thick-lubricant disk is shown in Fig. 11 . As was easily expected, the reacting force does not depend on lubricant either with or without UV irradiation. The solid line in this figure indicates the results calculated using the Hertz contact theory (Eqs. (1) - (3)). The magnetic disk tested has a 10 nm NiP layer on the Al substrate and further, a 7-nm-thick Cr alloy layer, 20-nm-thick CoCr magnetic medium layer and 6-nm-thick DLC layer. Since it is estimated that the maximum equivalent von Mises stress of about 70 MPa is located at 2 µm from the surface when the R1 slider penetrates into the NiP infinite half-space by 10 nm, the deformation of the disk surface due to impact is elastic. Therefore, in the calculation of K D , we used E D = 163 Gpa, ν D = 0.3 (NiP), and E s = 83 Gpa, ν s = 0.21 (glass). From Fig. 11 , it is seen that the reaction force at maximum penetration can be predicted well using the Hertz contact theory for a smooth sphere and flat, ignoring the surface roughness. The slight decrease of experimental reaction force from the theoretical one in the range of deeper penetration will result from the extension of the associated deformed region to the Al substrate with a much smaller Young's modulus with increasing penetration.
Experimental and theoretical reaction forces of the R2 slider at the maximum penetration in collision with a disk having a 2-nm-thick lubricant is shown in Fig. 12 . The agreement between the Hertz theory and experimental data is good in the range of small penetration depths of less than 15 nm. The reason why the experimental values decrease from theoretical ones in the range of large penetration more significantly than in the case of the R1 slider is because the area inside the disk deformed by a larger radius slider extends to the deeper Al layer of the disk. Another reason is the effect of low-pass filter with the 100 kHz cut-off frequency.
From the above results, we can conclude that the net contact force between a spherical slider with a radius of 1 mm order and magnetic disk with a surface roughness of sub-nanometer order to 1.7 nm in Ra can be predicted well using the Hertz contact theory for the bulk configuration, ignoring the surface roughness.
Dynamic Adhesion Force
Since the minimum acceleration at separation contains much noise, as shown in Fig. 10 , we chose only the data whose absolute values are three times larger than the RMS value of the acceleration signal after complete separation. The maximum dynamic adhesion force was calculated by multiplying the slider mass listed in Table 1 with the minimum acceleration value. The maximum adhesion force of the R1 slider as a function of impact velocity is shown in Fig. 13 (a) -(c) for lubricant layers of 1, 2 and 3 nm thickness, respectively. The impact velocity is defined as the approach velocity of the slider just before collision. The dotted line indicates the calculated reference value of 4πRγ where R = 1 mm and γ = 22 mN/m. We note from Fig. 13 (a) and (b) that the dynamic adhesion force is slightly stronger than the reference value of 4πRγ in the cases of 2-nm-thick lubricant with and without UV and 1-nm-thick lubricant without UV, but slightly weaker than the reference value in the cases of 1-nm-thick lubricant with UV. From Fig. 13 (c) , we note that the dynamic adhesion force is stronger than the reference value in the case of 3-nm-thick lubricant with UV. From the comparison between Figs. 2 and 13, we see that the values of the dynamic maximum adhesion force and their general trend relative to lubricant thickness with/without UV are very similar to those of the static adhesion force except for the case of 3-nm-thick lubricant without UV. The reason why only one point of 1.25 mN is plotted in the case of 3-nm-thick lubricant without UV is that the slider always adheres to the disk surface at the first collision, except for one special case, probably because the squeeze damping force of viscous fluid becomes predominant. If we examine the maximum adhesion force in relation to the mobile lubricant thickness listed in Table 2 , the maximum dynamic adhesion force is seen to be slightly weaker than 4πRγ at the mobile lubricant thickness of 0.43 nm, and equal to or slightly larger than 4πRγ at the mobile lubricant thickness of 0.69 to 1.65 nm. When the mobile lubricant thickness increases to 2.42 nm, the dynamic adhesion force increases markedly compared with the static adhesion force due to the squeeze damping effect. Figure 14 (a) -(c) shows similar results of the measured maximum dynamic adhesion force of the R2 slider for three different lubricant layer thicknesses. As seen from the comparison of these figures with Fig. 13 (a) -(c), the dynamic adhesion force of the R2 slider can be generated in a small-impact-velocity range of less than 1.5 mm/s. When the lubricant thickness is 1 and 2 nm, the averaged dynamic maximum adhesion force is about 70 and 90% of 4πRγ, respectively, in both cases of with and without UV. When the lubricant thickness is 3 nm, the averaged maximum adhesion force is nearly equal to 4πRγ in the case without UV, but about 70 to 80% of 4πRγ in the case with UV. This tendency of the dynamic adhesion force of the R2 slider is comparable to that of static adhesion force shown in Fig. 2 .
The reason why both the static and dynamic adhesion forces of the R1 slider become slightly stronger than 4πRγ compared with the R2 slider is not clear, but it may be caused by some error in the estimation of suspension stiffness and effective mass. In the case of the R2 slider, however, this kind of error is negligible because the effective mass of the suspension beam is negligibly small compared with the slider mass.
The fact that dynamic adhesion force is almost equal to the static adhesion force indicates that the meniscus formation between the spherical slider and magnetic disk occurs in a flooded regime (14) . Since the square of the contact radius between the sphere and the flat disk is equal to the product of the sphere radius and penetration depth, it is considered that the dynamic meniscus becomes difficult to form in terms of the flooded regime at high impact velocity as the contact area increases. Even when the adhesion force is not detected at a high impact velocity, it is possible for a small meniscus to form at each asperity in terms of toe-dipping regime. However, total adhesion force in terms of asperity contact is too small to be detected because the asperity radius is about 1 µm or less and the number of asperities is less than one hundred at the instant of separation.
Conclusions
The results of this study are summarized as follows.
( 1 ) The static meniscus adhesion force of a spherical slider is nearly equal to or slightly smaller than 4πRγ, where R is the radius of the slider and γ is 22 mN/m.
( 2 ) The static meniscus force tends to decrease slightly as the lubricant thickness decreases from 3 nm to 1 nm and when UV irradiation is applied.
( 3 ) When a 1-mm-radius slider collides with an unlubricated disk, a relatively large adhesion force is detected at the instant of separation. However, when a lubricated disk with a 1-nm-thick lubricant with UV (0.43 nm mobile lubricant thickness) is used, in almost all the cases no clear adhesion force can be observed at impact velocities greater than 1 mm/s. When the mobile lubricant thickness is 0.69 nm to 1.65 nm, a clear adhesion force can be detected at the instant of separation at all impact velocities tested. This indicates that the dynamic adhesion force from the lubricated disks is generated from meniscus formation. These are important findings from practical viewpoint of avoiding unstable bouncing vibration of a flying head slider.
( 4 ) By determining the beginning of collision by the curve-fitting technique, we obtained an accurate relationship between displacement, velocity and acceleration in the process of collision. From these curves it is estimated that a meniscus bridge with a length of 2∼3 nm forms at the instant of separation from the disks with a mobile lubricant thickness of 0.69∼1.65 nm even when the surface roughness of the 1-mm-radius slider is 1.7 nm in Ra.
( 5 ) The maximum contact force at the maximum penetration of the slider can be predicted using the Hertz contact theory for the bulk configuration of the spherical slider, ignoring surface roughness effect.
( 6 ) The dynamic adhesion force of a 1-mm-radius slider is almost equal to the static meniscus force except for the case of 3-nm-thick lubricant without UV, where the dynamic adhesion force increases markedly, probably because of the squeeze damping force.
( 7 ) In the case of a 2-mm-radius slider whose surface roughness is 0.34 nm in Ra, a clear dynamic adhesion force was detected at a low collision velocity of less than 1.5 m/s. As the mobile lubricant thickness increases, the dynamic adhesion force appears at higher collision velocities. The general trend of maximum dynamic adhesion force with respect to the lubricant condition is similar to that of the static meniscus force. This indicates that the dynamic adhesion force from the lubricated disks is generated from meniscus formation. ( 8 ) In the case of a 1-mm-radius slider, no clear attractive force like van der Waals force can be observed at either the beginning or the end of collision. It can be said that adhesion force of the 1-mm-radius slider is caused by meniscus formation only. ( 9 ) In the case of a smooth slider of 2 mm radius, a small velocity drop at the beginning of collision and the sharp velocity change at the end of collision were detected. It is possible that the weak adhesion force sometimes observed at the beginning of collision and the sharp velocity change at the end of collision are due to van der Waals force. However, there is another possibility that a small meniscus forms at each asperity in terms of the toedipping regime.
